Many enzymes exhibit some catalytic promiscuity or substrate ambiguity. These weak activities do not affect the fitness of the organism under ordinary circumstances, but can serve as potential evolutionary precursors of new catalytic functions. We wondered whether different proteins with the same substrate ambiguous activity evolve differently under identical selection conditions. Patrick et al. (Patrick WM, Quandt EM, Swartzlander DB, Matsumura I. 2007 . Multicopy suppression underpins metabolic evolvability. Mol Biol Evol. 24:2716-2722.) previously showed that three multicopy suppressors, gph, hisB, and ytjC, rescue "serB Escherichia coli cells from starvation on minimal media. We directed the evolution of variants of Gph, histidinol phosphatase (HisB), and YtjC that complemented "serB more efficiently, and characterized the effects of the amino acid changes, alone and in combination, upon the evolved phosphoserine phosphatase (PSP) activity. Gph and HisB are members of the HAD superfamily of hydrolases, but they adapted through different, kinetically distinguishable, biochemical mechanisms. All of the selected mutations, except N102T in YtjC, proved to be beneficial in isolation. They exhibited a pattern of antagonistic epistasis, as their effects in combination upon the kinetic parameters of the three proteins in reactions with phosphoserine were nonmultiplicative. The N102T mutation exhibited sign epistasis, as it was deleterious in isolation but beneficial in the context of other mutations. We also showed that the D57N mutation in the chromosomal copy of hisB is sufficient to suppress the "serB deletion. These results in combination show that proteomes can offer multiple mechanistic solutions to a molecular recognition problem.
Introduction
The evolution of bacteria that metabolize xenobiotics is often quite rapid (Scanlan and Reid 1995; Shapir et al. 2007 ). Textbooks emphasize the specificity and catalytic efficiency of wild-type (WT) enzymes, so it is not obvious how new catalysts originate. Previous workers have shown that WT enzymes can be multifunctional. In other words, some exhibit weak but detectable catalytic promiscuity (catalysis of different chemical transformations upon one or more substrates) or substrate ambiguity (catalysis of identical chemical transformations on numerous substrates) that under ordinary circumstances do not contribute to the fitness of the host organism (Jensen 1976; D'Ari and Casadesus 1998; O'Brien and Herschlag 1999; Copley 2003; Khersonsky et al. 2006; Khersonsky and Tawfik 2010; Nasvall et al. 2012) . These promiscuous activities could serve as "seeds" that amplify and evolve in response to changes in the chemical environment (McLoughlin and Copley 2008; Morett et al. 2008; Desai and Miller 2010; Soo et al. 2011; Risso et al. 2013) . Aharoni et al. (2005) observed that artificially evolved variants exhibit significant enhancement of selected promiscuous activities of an enzyme, with only modest diminishment in the native ("primary") activity. These results confirmed that enzyme substrate specificity is often evolvable, but raised new questions about the prevalence and physiological relevance of promiscuous and substrate ambiguous activities. Miller and Raines (2004) had previously showed that the substrate ambiguous activities of sugar kinases could be sufficient to rescue Escherichia coli from starvation. In a previous study conducted in our laboratory, Patrick et al. (2007) sought to learn whether this phenomenon could be generalized to other kinds of enzymes. He identified 104 conditional E. coli auxotrophs amongst the 3,985 viable single gene knockout strains in the Keio collection (Baba et al. 2006 ) that fail to grow on defined M9-glucose medium. Each conditional auxotroph was transformed with the pooled ASKA (a complete set of E. coli K-12 archive) ORF collection (Kitagawa et al. 2005) , which contains 5,272 expression vectors, each encoding a single E. coli gene. The transformants were spread on M9-glucose agar plates supplemented with chloramphenicol (Chl, to favor cells carrying plasmid) and isopropyl-beta-Dthiogalactopyranoside (IPTG; to induce the overexpression of the plasmid-borne gene). Colonies formed within 24 h on nearly all plates, as the ASKA collection contains plasmid-borne copies of the deleted genes. Slower growing colonies formed on 21 of the plates after further incubations up to 6 weeks. DNA sequencing showed that these auxotrophs were rescued by 41 multicopy suppressors, some of which encoded apparently multifunctional proteins (Patrick et al. 2007) .
The ÁserB Keio strain, for example, is unable to grow in minimal M9-glucose medium because it lacks phosphoserine phosphatase (PSP, EC 3.1.3.3) and cannot complete the biosynthesis of serine. The overexpression of Gph (phosphoglycolate phosphatase, EC 3.1.3.18), HisB (histidinol phosphate phosphatase, EC 3.1.3.15), or YtjC (predicted phosphoglycerate mutase 2) partially complemented the ÁserB deletion. SerB, Gph, and HisB are members of the haloacid dehalogenase (HAD) superfamily of hydrolases; they differ in function but have strictly conserved sequence motifs (Aravind et al. 1998) . YtjC was annotated as a member of the phosphoglycerate mutase 2 subfamily (Foster et al. 2010) . No member of this family of enzymes has been functionally characterized (Johnsen and Schonheit 2007) . The three apparently substrate ambiguous enzymes, Gph, HisB, and YtjC ( fig. 1 ), present an opportunity to learn how different proteins from the same proteome evolve in response to identical selection regimes. Roodveldt and Tawfik (2005) conducted a broadly similar experiment, but the proteins they chose (dihydroorotase, phosphotriesterase, and phosphotriesterase-homology protein) were derived from different genomes, but were more closely related to one another. Here, we describe the directed evolution of variants of the E. coli Gph, HisB, and YtjC with increased PSP activity, and the post-game analysis of the selected mutations.
Results

Three Different Multicopy Suppressors Rescue ÁserB Auxotrophs
We began by quantifying the relative fitness of auxotrophic ÁserB cells overexpressing SerB, Gph, HisB, or YtjC. Colony diameter reflects fecundity, and is therefore a logical selection criterion for directed evolution experiments. Control ÁserB cells transformed with empty pCA24N plasmid failed to form colonies under previously established selective conditions (Patrick et al. 2007 ): M9 agar plates supplemented with 20 mM glucose, 30 mg/mL kanamycin, 34 mg/mL Chl, and 50 mM IPTG (M9-glucose-Kan30-Chl34-IPTG50). The auxotrophic strain was transformed with serB-pCA24N, gphpCA24N, hisB-pCA24N, or ytjC-pCA24N and spread at low density on selective plates. The diameters of 10 randomly selected colonies were measured via microscopy after 72 h at 37
C. The serB-pCA24N/ÁserB colonies were largest (1,200 ± 37 mm); isogenic colonies overexpressing hisB (900 ± 10), ytjC (800 ± 47), and gph (300 ± 85) were smaller (supplementary fig. S1 , Supplementary Material online). We note that the overexpression of serB is somewhat deleterious The gph, hisB, and ytjC genes were amplified and mutated in error-prone polymerase chain reactions (epPCRs) (Cadwell and Joyce 1994) . These pools of mutant genes were cloned back into the pCA24N vector, thereby fusing them to intact gfp. More than 70% of the colonies transformed with these libraries and propagated under nonselective conditions showed no fluorescence under UV light, suggesting that the random mutations had destabilized the protein (Waldo et al. 1999) . Each allele contained an average mutation rate of 3.8 nucleotide substitutions/kb, based on the statistical analysis of the nucleotide sequences of randomly sampled clones from the first round libraries of gph, hisB, and ytjC (10 clones each, data not shown). Approximately 50,000 colonies from each population were spread on solid M9-glucoseKan30-Chl34-IPTG50 medium at a density of~3,000 colony forming units (cfu) per Petri dish (size = 150 mm Â 15 mm). The selection plates were incubated at 37 C for 72 h but colony growth was observed every 24 h. The fastest growing colonies were restreaked on fresh selection medium and incubated for 72 h; 10 colonies derived from each clone were chosen at random and measured under a light microscope.
The selected gph alleles produced colonies that were almost four times larger in diameter than those of ÁserB cells overexpressing the ancestral Gph (the WT protein fused to N-terminal hexahistidine tag and C-terminal green fluorescent protein [GFP] , table 1). The hisB and ytjC variants enabled the ÁserB cells to form colonies 1.5 times larger than the corresponding ancestral controls. Many selected colonies were even larger than isogenic controls transformed with the serB-pCA24N plasmid (1,200 ± 37 mm). Plasmids were purified from all selected clones. Fresh ÁserB cells were transformed with the plasmids (Chung et al. 1989) ; transformants were spread on M9-glucose-Kan30-Chl34-IPTG50 agar plates and incubated at 37 C for 72 h to confirm that beneficial mutations were associated with the plasmid rather than the chromosome.
The mutations in the selected gph, hisB, and ytjC alleles were randomly recombined and mutated in three separate staggered extension process (StEP) reactions (Zhao et al. 1998) , one for each gene. The three libraries were separately cloned back into pCA24N and used to transform ÁserB cells. Approximately 10,000 cells from each transformation were spread on selective M9 agar plates supplemented with antibiotics and inducer. The 30 largest colonies were again picked and restreaked. The clones that formed colonies larger than those from the first round of high throughput screening were selected for further evolution. Each of the three genes gph, hisB, and ytjC, were evolved over four rounds of evolution, although none of the colonies in the fourth round showed improvement over those selected in the third.
The alleles of gph, hisB, and ytjC that survived the primary and secondary selections were sequenced (table 1) . Some mutations, including those that encode L96R and T144I in hisB and R173S in ytjC, recurred in multiple clones in the first round. From the second generation onwards, the sequences began to converge, especially in the gph population, which contained only two haplotypes after the second round of selection. The amino acid sequence of Gph3-4, a third round mutant, was identical to that of Gph1-3 and Gph2-4. Furthermore, the fittest HisB mutants, HisB1-1 and HisB2-4 appeared in the first and second rounds. Our visual colony screen was stringent and relatively narrow in dynamic range compared with natural selection, which is to say that the variants isolated in the first round left little room for improvement. The recurrence of mutations in subsequent rounds suggests that any mutagenesis or recombination technique applied after the first would have led the same outcome (Salverda et al. 2011). Evolved Gph, HisB, and YtjC Variants Enhance Growth Rates and Fecundity ÁserB cells were separately transformed with pCA24N plasmids encoding the ancestral gph, hisB, or ytjC, evolved variants of these genes, the ancestral serB (positive control), lacZ or no insert (negative controls). The transformants were spread on selective M9 agar plates supplemented with glucose, kanamycin, Chl, and IPTG and propagated at 37 C for 3 days (table 1). The transformants were also propagated in liquid culture composed of the same selective medium, and propagated at the same temperature for 48 h ( fig. 2) . Growth rates in solid and liquid media were consistent with each other, at least with regard to colony size and cell density at stationary phase, and with the in vitro kinetic data (vide infra).
In selective liquid media, the Gph, HisB, and YtjC evolvants exhibited shorter lag phases, higher cell growth rate during exponential phase and a higher maximum cell density attained during the stationary phase, than did the corresponding ancestors. The long lag phases of ÁserB cells overexpressing the WT Gph, HisB, or YtjC probably reflect the time required to accumulate sufficient serine to grow. Interestingly, the serB-pCA24N/ÁserB has the shortest lag phase (~6 h), but mutant strains gph3-4-pCA24N/ÁserB, hisB2-4-pCA24N/ÁserB and ytjC3-6-pCA24N/ÁserB reached a higher maximum OD 600 . On solid media under otherwise identical growth conditions, colonies ÁserB strains expressing Gph, HisB, and YtjC mutant enzymes were larger than colonies of the "self-complementary" strain, serB-pCA24N/DserB (1,200 ± 37 mm).
Evolved Variants of Gph, HisB, and YtjC Exhibit Improved PSP Activity
We sought to show that improvements in fitness (colony size) are associated with improvements in the secondary PSP activity. The fittest variants, Gph3-4, HisB1-1, HisB2-4, YtjC2-2, and YtjC3-6, along with WT SerB, Gph, HisB, and YtjC proteins, were expressed in ÁserB cells and purified by virtue of their N-terminal hexahistidine tags by Immobilized Metal Affinity Chromatography. Sodium dodecylsulfate
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Y102D, Q185H, G191A 1 1.0 ± 0.05
L36Q, V40A, T71S 3 1.5 ± 0.02
L36Q, V40A, T71S, R73 silent 1 1.5 ± 0.05
T49 silent, R173S 3 1.3 ± 0.07 ytjC2-10 I20F, R173S 2 1.4 ± 0.05
Colonies were measured after 72 h of incubation at 37 C.
b
Protein expressed, purified, and assayed for PSP activity.
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Yip and Matsumura . doi:10.1093/molbev/mst105 MBE polyacrylamide gel electrophoresis (SDS-PAGE) analysis indicated that the proteins, which were also fused to GFP at their C-terminal ends, were purified to homogeneity (>99%). The yields of evolved protein were lower than those of the corresponding ancestors (supplementary  table S1 , Supplementary Material online), so it seemed unlikely that the phenotypic effects of the mutations reflect changes in protein expression. The enzymes (10
À10
-10 À7 M) were reacted with varying concentrations (all at least 10 3 -fold higher than the enzyme concentration) of substrate, O-phospho-L-serine (PS) at 37 C for controlled time increments (10 min for SerB, 1 h for Gph, YtjC and the five mutants Gph3-4, HisB1-1, HisB2-4, YtjC2-2, and YtjC3-6, and 3 h for HisB). The release of inorganic phosphate was detected with the malachite green-phosphomolybdate colorimetric system (Baykov et al. 1988 ), which in our hands proved reliable for P i concentrations up to 100 mM. The kinetic parameters of these enzyme-catalyzed reactions ( [Rangarajan et al. 2006] ) that are five and eight orders of magnitude higher, respectively. The evolved Gph3-4, HisB2-4, and YtjC3-6 enzymes all exhibited k cat /K M ratios of approximately 10 2 M À1 s
À1
, regardless of the kinetic properties of their WT-like ancestors, suggesting that each protein reached the limit of the dynamic range of the genetic selection. Each was two to three orders of magnitude more efficient than their ancestors, albeit through different mechanisms.
Gph and HisB are both members of the HAD superfamily of hydrolases, but they evolved in different ways. The K M of the evolved Gph3-4/PS complex was 220-fold lower than that of the ancestral complex, and over 8-fold lower than that of the WT SerB/PS complex. Its turnover number, however, showed no improvement. In contrast, the k cat of HisB2-4 in reactions with PS was 13-fold better than with its ancestor, but the Michaelis constant of its complex with PS was similar to that of the ancestral complex. The K M of the YtjC3-6/PS complex with PS was 120-fold lower than that of the ancestral complex, and 3-fold lower than the corresponding SerB complex. The evolved YtjC3-6 enzyme also exhibited a 3-fold improvement over its WT ancestor in k cat . The three enzymes, Gph, HisB, and YtjC, adopted different biochemical mechanisms in response to the same selective pressure. We consider the structural mechanisms of adaptation in the Discussion section.
All Individual Mutations Enhance PSP Activity Except for N102T in YtjC
We produced Gph, HisB, and YtjC enzymes with the single amino acid mutations derived from the fittest variants to assess their individual effects upon PSP activity. Here, we show that each mutation enhanced PSP activity, with the notable exception of N102T in YtjC. We also demonstrate the prevalence of antagonistic epistasis among mutations, defined as less than multiplicative effects , analogous to that observed between mutations in genomes (Chou et al. 2011; Khan et al. 2011) and in other individual genes (Weinreich et al. 2006; Bridgham et al. 2009; Lunzer et al. 2010; Noor et al. 2012 ). Gph3-4 (L36Q/ V40A/T71S), for example, exhibits 250-fold greater catalytic efficiency (k cat /K M ) than its WT ancestor in reactions with FIG. 2. Evolved Gph, HisB, and YtjC variants confer improved fitness upon ÁserB Escherichia coli in liquid cultures. The E. coli DserB strain was transformed with ASKA plasmids that encode the ancestral (red) or evolved (blue and green) forms of (a) Gph, (b) HisB, or (c) YtjC. These transformants, and a positive control, the DserB transformed with serBpCA24N (purple), were propagated (shaken at 37 C for 48 h) in M9-glucose minimal medium supplemented with 30 mg/mL kanamycin, 34 mg/mL Chl, and 50 mM IPTG. Negative control strains, including the DserB transformed with empty pCA24N vector and lacZpCA24N, did not grow (not shown). phosphoserine (table 2). The single Gph mutants, L36Q, V40A, and T71S each showed 35-to 45-fold improvements over the WT in their second order rate constants (k cat /K M ). If these mutations conferred such rate enhancements upon scaffolds containing the other mutations, we would expect a total 57,000-fold increase (=38 Â 44 Â 34) in the triple mutant. Instead, the mutations in combination diminished each other in effect.
We observed similar antagonistic epistasis in HisB2-4 (L41Q/L96R/T144I) and YtjC2-2 (I20F/R173S/L190Q). The one interesting exception is the N102T mutation in YtjC, which is deleterious in isolation (4-fold decrease relative to ancestor in k cat /K M ) but beneficial in the context of YtjC2-2 (I20F/R173S/L190Q, 1.5-fold increase, table 2). We rarely observe sign epistasis in our artificial evolution experiments (Matsumura and Ellington 2001) , but suspect that the phenomenon is more common and more important under natural conditions of lower mutation rates, larger populations, many more generations and less stringent selections (Weinreich et al. 2005 ).
The Evolved Gph and HisB Variants Retain Their Native Activities
Previous work has suggested that the primary enzyme activities tend to be more robust than weaker promiscuous ones (Aharoni et al. 2005) . In some cases, however, native substrate can inhibit the promiscuous activity (Copley 2012 ), so we strove to measure the primary activities of these enzymes. The ancestral and mutant Gph enzymes were reacted with their native substrate, phosphoglycolate. The catalytic efficiency (k cat /K M ) of each mutant in these reactions was within a factor of three of the WT value (table 3). The native HisB substrate, histidinol phosphate, was not available to us, but the WT and mutant genes retain enough of its activities, imidazoleglycerol phosphate dehydratase and histidinol phosphatase, to rescue the ÁhisB Keio strain from starvation on M9-glucose agar plates (data not shown). These results support the notion that the primary activity of an enzyme tends to be robust, and suggest that competition between the primary and substrate ambiguous activities did not play a large role in the directed evolution of MBE Gph or HisB. The YtjC protein is a predicted phosphoglycerate mutase 2 (Johnsen and Schonheit 2007), but we were unable to detect any activity in an in vitro assay (Grisolia et al. 1956 ).
A Chromosomal hisB Mutation Rescues ÁserB E. coli
We and others who study evolution in vitro often employ multi-copy plasmids in lieu of amplified chromosomal genes (Nasvall et al. 2012) . We tested this presumption by randomly mutating the chromosome of E. coli ÁserB with N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and spreading the cells on M9-glucose plates supplemented with kanamycin. The 10 fastest growing colonies after 5 days of 37 C incubation were restruck on fresh plates, and 7 of these formed colonies within 2 days of incubation at 37 C. Sequence analysis of the gph, hisB, and ytjC genes amplified from the purified genomic DNA of these strains showed that three had D57N mutations in the chromosomal hisB gene. No mutations were discovered in gph or ytjC, which suggests that other genes adapted in those four strains. These results tentatively show that intraproteomic competitions can occur in the absence of plasmid expression vectors.
The D57N mutation was introduced into the ancestral hisB-pCA24N vector; the resulting mutant plasmid was used to transform the ÁserB auxotroph. These transformants tend to grow more quickly, and to higher cell densities, than isogenic strains expressing the fittest artificially evolved variant (HisB 2-4), both on agar plates ( fig. 3 ) and in liquid culture (data not shown). These results confirm that the D57N hisB mutation is beneficial to ÁserB auxotrophs, regardless of copy number or expression level. This mutation could have been selected in our initial directed evolution experiment. We speculate, however, that it was not well represented within the population because the mutation rate that we applied was too high. Moreover, colonies that overexpress the D57N HisB vary in size ( fig. 3 ) and are therefore easy to miss. Further studies of this mutant, and others derived from chromosomal mutagenesis, are underway.
Discussion
HAD Superfamily of Hydrolases
As biochemists, we want to understand how a relatively small set of mutations (table 1) altered the properties of structurally related phosphatases in different ways. SerB, Gph, and HisB catalyze the dephosphorylation of their respective substrates ( fig. 1 ) by the transfer of the phosphate to an enzymic nucleophile and subsequent hydrolysis. They belong to the functionally diverse HAD superfamily of acid hydrolases (Kuznetsova et al. 2006 ). This family is clearly defined by three highly conserved sequence motifs, DXDX(T/V)(L/V), (S/T)XX, and K(X) n (G/S)(D/S)XXX(D/N) (Aravind et al. 1998 ). The HAD-like phosphatases/phosphotransferases have two structural domains: a core /b domain with a Rossmann hydrolase fold and a "cap" four-helix-bundle domain. The active site is typically located at the interface between these two domains. The active site of the archetypal PSP from Methanoccoccus jannaschii can be divided into two subsites: a phosphate-binding site and a serine-binding site (Wang et al. 2001 (Wang et al. , 2002 . HAD superfamily phosophatases assume an induced fit upon the binding of the substrate molecule. Their catalytic mechanisms, and the roles played by the conserved motifs, are well understood (Ridder et al. 1997; Collet et al. 1999; Wang et al. 2002; Fani and Fondi 2009 ).
Structural Mechanisms of Adaptation
HisB
We mapped the beneficial L96R, T144I, and L41Q mutations onto the crystal structure of the N-terminal domain of HisB from E. coli strain O157:H7, ECO157H7_HisB (Rangarajan et al. 2006) . The substrate to this domain, histidinol phosphate, is structurally similar to phosphoserine, except that it has an imidazole ring instead of a carboxylate group ( fig. 1) . We speculate that the L96R mutation (~7.2 Å away from the bound histidinol substrate, fig. 4 ), enables the formation of a new salt bridge with the phosphoserine carboxylate. The T144I and L41Q mutations (each~15 Å away from the bound substrate) could have increased the flexibility of . Three colonies (out of seven) that formed under those selective conditions carried the D57N hisB mutation, which we introduced into the hisB-pCA24N plasmid by site-directed mutagenesis. The parental ÁserB cells were transformed with the resulting D57N hisB-pCA24N (bottom right), the ancestral hisBpCA24N (top left), artificially evolved hisB (2-4)-pCA24N (top right), or serB-pCA24N (bottom left), then spread on minimal M9-glucose (34 mg/ mL Chl and 50 mM IPTG) agar plates. The resulting colonies were restreaked on fresh plates, incubated at 37 C for 36 h, and photographed. Note the size variation among the colonies that carry the D57N hisB-pCA24N or serB-pCA24N.
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Gph
We used the crystal structure of the predicted phosphoglycolate phosphatase (Hs_0176) from Haemophilus somnus, HA_PGP (PDB code 2hsz, Joint Center for Structural Genomics, unpublished) (Elsliger et al. 2010) which is 41% identical to the E. coli Gph in amino acid sequence (supplementary fig. S2 , Supplementary Material online), to create a homology model for Gph (fig. 5 ). The Gph substrate (2-phosphoglycolate) is similar to the SerB substrate (phosphoserine), although the latter is one methylene longer and has a free amine ( fig. 1) . The three mutations in the Gph3-4 variant, namely L36Q, V40A, and T71S, emerged simultaneously in the same mutants in the first round of evolution (table 1), but we know from our single mutant experiments that each improves K M 37-to 85-fold. The cap domain is made up of four -helices; the second helix is a short one with two coils. L36 is located at the C-terminal end of the first helix, right at the edge of the loop that connects the first and second helices. We speculate that the L36Q mutation enables the formation of a new hydrogen bond with the phosphoserine substrate. The V40A and T71S mutations could increase the size of the active-site, or enhance its flexibility, thereby enabling it to accommodate the larger phosphoserine substrate (table 2) .
Conclusion: Different Proteins under Identical Selection Conditions Evolve in Different Ways
We confirmed that the ancestral Gph, HisB, and YtjC, each derived from the E. coli proteome, possess weak PSP activity. These substrate ambiguous activities are evolvable, at least within the dynamic range of the selection. In Gph, each of three single mutations imparts a 35-to 45-fold improvement in k cat /K M , but together they confer only a 250-fold improvement. We observed similar antagonistic epistasis among the mutations in HisB and YtjC, except N102T in the latter, which is deleterious in isolation and beneficial in the context of the I20F, R173S, and L190Q mutations (sign epistasis). Gph3-4 exhibited improved K M in reactions with PS, whereas HisB2-4 showed improved k cat . The biochemical mechanisms of adaptation of these two HAD superfamily members must therefore have been different. This apparent mechanistic versatility may have underpinned the evolutionary proliferation of HAD-like hydrolases (Kuznetsova et al. 2006) .
These results offer some lessons for protein engineers. The dynamic range of some genetic selections is modest, at least when the ancestral protein is overexpressed. The selection FIG. 5 . A homology model of Gph (red, yellow, and green) was constructed, and superimposed upon the crystal structure of the putative phosphoglycolate phosphatase from Haemophilus somnus, HA_PGP (PDB code 2hsz) (cyan, magenta, and pink). The protein monomer can be divided into the catalytic domain that exhibits the /b Rossmann hydrolase fold, and the cap, four-helix-bundle domain. The active site is indicated by the Mg 2 + ion (gray). The original residues L36, V40, and T71 that were mutated in variant Gph3-4 are highlighted in blue.
FIG. 4.
The structure of the N-terminal domain of HisB from Escherichia coli strain O157:H7, bound to its native histidinol substrate (PDB code 2fpu) is colored according to secondary structures (Red = -helix; yellow = b-strand; green = loop). Histidinol and the Mg 2 + ion are bound at the active site. Residues F22 and Q23, D57 interact directly with histidinol. The domain, which is responsible for HisB activity, also has a Zn 2 + -binding site. The original residues that were mutated in the evolved HisB variants with the best PSP activity, L41, L96, and N144, are highlighted in blue.
was decisive in this case, as all three of our enzymes evolved to the same level of PSP proficiency (
). The employment of a lower copy number vector and weaker promoter might have led to the evolution of more efficient catalysts (Tokuriki et al. 2012) . The logical endpoint of this approach, as illustrated by our chromosomal evolution experiment, is the evolution of single-copy genes driven by their natural promoters. We also learned that more than one enzyme within a proteome may have the desired promiscuous or substrate ambiguous activity. The evolutionary trajectory, that is the biochemical mechanism of adaptation and the extent of the improvement, of each candidate protein will likely be contingent upon its pre-existing active-site architecture. It may therefore be more efficient to direct the evolution of genomes (Fong et al. 2005; Herring et al. 2006) , rather than individual genes, at least until the most promising candidates have been identified.
Materials and Methods
Chemicals and Reagents
The Keio knockout collection (Baba et al. 2006) , including the ÁserB and ÁhisB conditional auxotrophs, and the ASKA ORF collection (Kitagawa et al. 2005) , including the serB-pCA24N, gph-pCA24N, hisB-pCA24N and ytjC-pCA24N expression vectors, were purchased from Hirotada Mori (Nara Institute of Science and Technology, Nara, Japan). These valuable resources were constructed as part of the National BioResource Project (National Institute of Genetics, Shizuoka, Japan). Molecular biology enzymes (restriction enzymes, calf intestinal alkaline phosphatase, T4 DNA ligase) and reagents (1 kb DNA ladder) were from New England Biolabs (Ipswitch, MA). Taq DNA polymerase was overexpressed and purified (Grimm and Arbuthnot 1995) . The deoxynucleotide triphosphates (dNTPs) were from Roche Applied Science (Indianapolis, IN). DNA purification kits (for plasmid, PCR, and gel extraction) were from Qiagen (Valencia, CA). IPTG was from Gold Biotechnology (St. Louis, MO). Antibiotics (Chl, kanamycin, and ampicillin), buffer components (TrisHCl, ethylenediaminetetraacetic acid [EDTA] , and dithiothreitol [DTT]), glycerol, trichloroacetic acid (TCA) salts (NiCl 2 , NaCl, MgCl 2 , and imidazole), assay reagents (malachite green, sulfuric acid, ammonium molybdate, Tween 20, pyruvate kinase, lactate dehydrogenase, and enolase), mutagens (MNNG), and substrates (including O-phospho-L-serine, 3-phosphoglyceric acid, adenosine diphosphate, and nicotinamide adenine dinucleotide) were from Sigma-Aldrich (St. Louis, MO). DNA oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA). Lonza Seakem LE agarose was from Thermo Fisher Scientific (Waltham, MA). EMD Millipore Luria Broth was from VWR (Radnor, PA). Acrylamide for SDS gels was from Bio-Rad (Hercules, CA). M9 salts were from Difco.
Random Mutagenesis and Recombination of gph, hisB, and ytjC Alleles
The primers SfiI-for (5 0 -GGATCTCACCATCACCATCACCA TAC-3 0 ) and SfiI-rev (5 0 -GTTCTTCTCCTTTACTGCGGCCG CAT-3 0 , supplementary table S2, Supplementary Material online) were used to PCR amplify the gph, hisB, and ytjC genes (~0.8, 1.1, and 0.7 kb in length, respectively, data not shown) from the corresponding ASKA plasmid. epPCR was used to generate libraries for the first round of selection while StEP (Zhao et al. 1998 ) was generally used to generate libraries for subsequent rounds. epPCR reactions contained 50 mM KCl, 10 mM Tris (pH 8.3 at 25 C), 7 mM MgCl 2 , 0.2 mM MnCl 2 , 1-2 ng/ml template DNA (gph-pCA24N,  hisB-pCA24N, or ytjC-pCA24N) , 0.2 mM dGTP, 0.2 mM dATP, 1.0 mM dCTP, 1.0 mM dTTP, 30 pmol of each primer and 5 U Taq DNA polymerase; the reactions were incubated for 35 cycles of 94 C for 1 min, 55 C for 1 min and 72
C for 1 min with a final extension cycle at 72 C for 2 min. StEP PCR reactions contained no MnCl 2 , 1.5 mM MgCl 2 , and 0.2 mM of each dNTP but used otherwise identical ingredients as the epPCR recipe; these reactions were incubated for 5 min of 95 C, then 80 cycles of 94 C (30 s), and 55 C (5 s). All PCR products, plasmids, restriction digests, and ligations were evaluated with 0.8% LE agarose gels using lithium acetate medium (Brody and Kern 2004) . StEP apparently introduced some new random mutations in the second-and third-round libraries of hisB and ytjC. Variants gph2-1 and gph2-2 were individually subject to epPCR, instead of StEP, to create libraries for the third round of screening. The random mutagenesis introduced some novel mutations like L112M in gph, N102T in ytjC, and other silent ones (table 1) .
The epPCR and StEP PCR reactions were purified with Qiagen PCR purification kits prior to digestion with SfiI at 50 C. The cloning vector thrA-pCA24N, an arbitrarily selected plasmid from the ASKA collection, was also digested with SfiI and its ends were dephosphorylated with calf intestinal alkaline phosphatase (CIP). The digested DNA was purified with Qiagen PCR purification kits (gph, hisB, and ytjC insert DNA) or the Qiagen gel extraction kit (pCA24N vector). Each insert was ligated to vector with T4 DNA ligase at 16 C overnight. The ligation products were analyzed by gel electrophoresis; the T4 DNA ligase as then heat killed at 65 C for 10 min. The ligation reactions were precipitated using n-butanol then resuspended with 5 ml of purified water (mQH 2 O). The resuspended DNA libraries were used to transform competent DserB cells (Dower et al. 1988; Inoue et al. 1990 ).
Site-Directed Mutagenesis of gph-pCA24N, hisB-pCA24N, and ytjC-pCA24N
Point mutations that result in single amino acid changes were introduced to gph, hisB, and ytjC using the MEGAWHOP (Megaprimer whole plasmid) method (Chen et al. 2000; Miyazaki 2003) . This protocol uses a first round of standard PCR (using primers shown in supplementary table S2, Supplementary Material online) to generate "megaprimers" for use in a second, whole plasmid PCR.
Chemical Mutagenesis of ÁserB
Escherichia coli ÁserB cells were propagated Lysogeny Broth supplemented with kanamycin (LB-Kan30) liquid medium
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In Vitro Evolution of Substrate Ambiguous Phosphatases . doi:10.1093/molbev/mst105 MBE until mid-log phase (OD 600 =~0.6), spun down and washed twice with citrate buffer (pH 5.5). The resuspended cells were incubated in the presence 50 mg/mL MNNG at 37 C for 15 min with mild shaking. After incubation, the cells were washed twice in phosphate buffer (pH 7.0) then spread on M9-glucose-Kan30 medium at a density of 10 7 cells per plate (Miller 1992) . The plates were incubated at 37 C for 120 h. The fastest growing mutants were restreaked on selective medium to confirm their viability and the genomic DNA was extracted with the DNeasy kit (Qiagen). The gph, hisB, and ytjC genes were amplified by PCR using custom-designed primers (supplementary table S1, Supplementary Material online) and sequenced.
Expression and Purification of SerB, Gph, HisB, YtjC, and PGM Proteins
The WT and evolved variants of the serB-pCA24N, gphpCA24N, hisB-pCA24N, and ytjC-pCA24N plasmids were used to transform the ÁserB Keio strain. We also expressed PGM from pgm1-pCA24N as a positive control for the enzymatic assay of phosphoglycerate mutase activity in YtjC. Each transformant was propagated in 10 mL LB-Kan30-Chl34 medium (agitated at 200 rpm at 37 C for 8 h). These starter cultures were diluted 100-fold in fresh media, then propagated to mid-log phase (OD 600 =~0.6). IPTG was added to a final concentration of 100 mM to induce the expression of the recombinant proteins overnight at 18 C. Cell cultures were harvested by centrifugation and cell pellets were resuspended in the equilibration buffer (50 mM Tris-HCl pH 7.5, 10% glycerol) to a concentration of 10 mL/g of E. coli cells. Cells were disrupted by sonication at 4 C and the soluble fraction was isolated by centrifugation.
The supernatant was filtered through a 0.22 mm membrane (Millipore), loaded onto a HisTrap FF 5 mL Ni 2 + charged affinity column and eluted with a buffer (50 mM Tris-HCl pH 7.5, 10% glycerol and 400 mM imidazole) using a 0-400 mM imidazole gradient using the ÄKTApurifier (GE Healthcare). The proteins eluted at either 160 or 240 mM imidazole, and sometimes both (two elution peaks). Eluted fractions were visualized on SDS-PAGE gels (data not shown) and the purest (>99%) were pooled and serially dialyzed against the storage buffer (50 mM Tris-HCl pH 7.5, 10% glycerol, 1 mM MgCl 2 ) for 16 h to dilute the imidazole 10 4 -fold. The concentrations of the purified enzymes, expressed in mg/ml, were determined using both the NanoDrop 2000 spectrophotometer (Thermo Scientific) and the Bradford protein assay method. For kinetic assay purposes, these values were converted into molar concentrations using individual extinction coefficient values calculated by the ProtParam tool at the ExPASy proteomics server (http:// web.expasy.org/protparam/, last accessed June 11, 2013 The PSP activities of SerB, Gph, HisB, YtjC, and mutants were measured with a discontinuous malachite green colorimetric assay. Each enzyme was reacted (in triplicate) with eight concentrations of O-phospho-L-serine (from 10 mM to 100 mM) in buffer (5 mM MgCl 2 , 3 mM EDTA, 1 mM DTT, and 50 mM Tris-HCl pH 7.5) at 37 C. The reactions were quenched while in their initial velocities at eight time points by the addition of 0.1 volume of 40 % (w/v) ice cold TCA and incubation on ice for 30 min prior to centrifugation in a microfuge (3,000 rpm for 15 min) (Veeranna and Shetty 1990; Wang et al. 2002) . A color reagent containing malachite green dissolved in sulfuric acid, ammonium molybdate, and Tween 20 was then added to the supernatant, allowed to stand for 10 min for color development and the absorbance at 630 nm was measured at room temperature (Baykov et al. 1988; Geladopoulos et al. 1991) . Blank reactions without enzyme were set up simultaneously. Before the kinetic measurements, a standard calibration curve of varying concentrations of inorganic phosphate from Na 2 HPO 4 (0.1-10 mM) dissolved in the assay buffer was plotted. Kinetic parameters were obtained by fitting the data to the Michaelis-Menten equation using the method of least squares (KaleidaGraph, Synergy Software, Reading, PA). Standard error values derived from the curve-fitting function of KaleidaGraph are reported. The physiological activity of Gph enzymes was similarly measured, in triplicate, with the discontinuous malachite green colorimetric assay using L-2-phosphoglyceric acid disodium salt hydrate as the substrate.
Kinetic Assays of Phosphoglycerate Mutase Activity and Data Analysis
Phosphoglycerate mutase activities of the E. coli phosphoglycerate mutase and YtjC were assayed by coupling the conversion of 3-phosphoglyceric acid to 2-phosphoglyceric acid with pyruvate kinase, lactate dehydrogenase, and enolase (Grisolia et al. 1956 ). The reaction mixture, equilibrated at 25 C and pH 7.6 in a total volume of 3 mL in a 1-cm-light-path cell, contained: 79 mM triethanolamine, 6.6 mM D-(3)-phosphoglyceric acid, 0.70 mM adenosine 5 0 -diphosphate, 1.3 mM 2,3-diphospho-D-glyceric acid, 0.15 mM b-nicotinamide adenine dinucleotide (reduced form) or b-NADH, 2.5 mM magnesium sulfate, 99 mM potassium chloride, 14 U pyruvate kinase, 20 U L-lactic acid dehydrogenase, 3 U enolase, and 0.03-0.06 U PGM or YtjC enzyme. The decrease of b-NADH in the catalyzed reaction was recorded at 340 nm and the specific activity was calculated.
Growth Curve Assays
The ÁserB and ÁhisB E. coli strains were transformed with WT and evolved variants of the serB-pCA24N, gph-pCA24N, hisB-pCA24N, and ytjC-pCA24N plasmids. Each transformant was propagated to saturation in nonselective LB-Kan30-Chl34 medium (200-ml cultures in 96-well microtiter plates agitated at 200 rpm at 37 C for 8 h). The microcultures were diluted in triplicates to OD 600 = 0.1 ± 0.07 in M9-glucose-Kan30-Chl34-IPTG50 medium (e.g., supplemented with 30 mg/mL kanamycin, 34 mg/mL Chl, and 50 mM IPTG) to a final volume of 200 ml (sterile medium OD 600 =~0.084). The microplate was covered with a sealing membrane to prevent excessive evaporation and cross-contamination of cultures, then shaken and incubated at 37 C in a 96-well microplate using an ELx808 Absorbance Microplate Reader (BioTek Instruments, Winooski, VT). Cell density readings were taken every 2 h for 48 h. Growth curves displaying the mean OD 600 values at each time point, and their standard error values, were plotted using Microsoft Excel (fig. 2 ).
Homology Modeling of Gph
We used BLASTp (http://blast.ncbi.nlm.nih.gov/Blast. cgi?PAGE=Proteins, last accessed June 11, 2013) to identify structural homologs of Gph and YtjC. Protein sequences were aligned with the BLOSUM matrix of the ClustalW2 server (http://www.ebi.ac.uk/Tools/msa/clustalw2/, last accessed June 11, 2013). Nucleotide sequences of gph and ytjC genes from E. coli K-12 substr. MG1655 and amino acid sequences of their translated proteins (accession numbers AAC76410.1 for gph and AAC77348.1 for ytjC) were obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank/, last accessed June 11, 2013). The YtjC sequences did not align well to any GenBank sequences, so we did not analyze them further. Phyre2 program (http://www.sbg.bio.ic.ac.uk/phyre2/html/-page.cgi?id=index, last accessed June 11, 2013) and the crystal structure of the predicted Gph (phosphoglycolate phosphatase, Hs_0176) from H. somnus (PDB code 2hsz, Joint Center for Structural Genomics, unpublished) (Elsliger et al. 2010) were used to create the homology model of Gph. The model was refined using the structure idealization function (10 cycles of idealization) of the Refmac5 program from the CCP4i Suite 6.2.0 (Murshudov et al. 1997) . PyMOL 1.2.r1 was used to visualize the Gph homology model and HisB crystal structures, and to generate structural figures 3 and 4 (www. pymol.org, last accessed June 11, 2013).
Supplementary Material
Supplementary figures S1 and S2 and tables S1 and S2 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
